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Abstract 

We describe a method to control the shape of nanoholes in GaAs (001 ) which combines the technique of local 
droplet etching using Ga droplets with long-time thermal annealing. The cone-like shape of inverted nanoholes 
formed by droplet etching is transformed during long-time annealing into widened holes with flat bottoms and 
reduced depth. This is qualitatively understood using a simplified model of mass transport incorporating surface 
diffusion and evaporation. The hole diameter can be thermally controlled by varying the annealing time or annealing 
temperature which provides a method for tuning template morphology for subsequent nanostructure nucleation. 
We also demonstrate the integration of the combined droplet/thermal etching process with heteroepitaxy by the 
thermal control of hole depth in AIGaAs layers. 
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Background 

The self-assembled patterning of semiconductor surfaces 
by liquid metal droplets [1-6] has been established as an 
important technique for the fabrication of novel semi- 
conductor nanostructures. This so-called local droplet 
etching (LDE) is fully compatible with the demanding 
requirements of molecular beam epitaxy (MBE) and can 
be integrated into the growth of semiconductor het- 
erostructures. The utilization of metal droplets during 
semiconductor epitaxy has a long tradition, starting in 
1990, when Chikyow and Koguchi established droplet epi- 
taxy [7] . There, the metal droplets are crystallized under, 
e.g, an As flux for the fabrication of semiconductor quan- 
tum dots or rings [8-12]. In contrast to droplet epitaxy, 
droplet etching takes place at significantly higher temper- 
atures and low As flux. This process drills nanoholes into 
the substrate which are surrounded by walls crystallized 
from arsenides of the droplet material [13]. A schematic 
of the droplet etching process is shown in Figure la, 
and typical atomic force microscopy (AFM) images of 
surfaces with droplet etched nanoholes are contained in 
Figures 2a,b. 
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Nanoholes drilled by LDE can be filled with a material 
different from that of the substrate and so have several 
important advantages for the self-assembly of quantum 
structures. For example, this allows the creation of strain- 
free GaAs quantum dots [14-16] with the capability to pre- 
cisely adjust the dot size by filling the holes only partially. 
Furthermore, the realization of ultra-short nanopillars 
[17] has been demonstrated. In particular, the nanopil- 
lars represent a novel type of nanostructure for studies of 
one-dimensional thermal [18] or electrical [19] transport. 

The process of droplet etching is performed in two 
steps. First, Ga is deposited and self-assembled Ga 
droplets are formed in the Volmer- Weber growth mode 
[20]. In a second post-growth thermal annealing step, 
the initial droplets are transformed into nanoholes. Dif- 
fusion of As from the GaAs substrate into Ga droplets, 
driven by a concentration gradient, is the central process 
for droplet etching [13]. This is accompanied by removal 
of the droplet material, probably by detachment of Ga 
atoms from the droplets and spreading over the sub- 
strate surface [19]. In this work, the influence of long-time 
annealing on the morphology of the nanoholes is studied 
at temperatures above the GaAs congruent evaporation 
temperature [21] where we demonstrate that thermal des- 
orption and surface mass transport of substrate material 
becomes relevant. 
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Figure 1 Schematic of the droplet etching process and AFM images, (a) Schematic of the combined droplet and thermal etching process with 
deposition of Ga as droplet material during 2.5-s deposition time, droplet etching up to removal of the droplet material, and subsequent thermal 
etching during long-time annealing, (b) 1 ,7x 1 .7 urn 2 top-view AFM micrographs illustrating the different stages for T = 650°C. The as-grown 
droplets with average height of 1 20 nm are visible at zero annealing time f a = 0 s. At f a = 1 20 s, all droplet material has been removed and 
nanoholes with average depth of 68 nm have been formed. After t a = 1,800 s, the hole width has been substantially increased by thermal etching, 
(c) Color-coded perspective AFM images of the micrographs from (b). 



Methods 

The samples discussed here are fabricated using solid- 
source molecular beam epitaxy on (001) GaAs substrates 
with a valved cracker cell for AS4 supply. The Ga flux is 
adjusted for a GaAs growth rate of 0.8 monolayers (ML)/s. 
The As flux during GaAs buffer layer growth corresponds 
to a flux gauge reading of lxlO -5 Torr. During droplet 
etching, the As flux is minimized to less than 1 x 10 -7 Torr 
by closing the As valve, the As cell shutter and in addition 
the main shutter in front of the sample during annealing. 

After growth of a 100-nm-thick GaAs buffer layer at 
a temperature T = 600°C to smooth the surface, the 
As shutter and valve are closed and the temperature 
is increased to the annealing temperature of 630°Cto 
670°C. Ga is the deposited for 2.5 s corresponding to a 
droplet material coverage 0 = 2.0 ML. After deposition 
of the droplet material, the initial droplets are trans- 
formed into nanoholes during post-growth annealing for 
a time £ a . After annealing, the samples are quenched 
by switching off the substrate heater. Figure la shows a 
sketch of the whole process including the shape mod- 
ification of the droplet etched nanoholes during long- 
time annealing, and Figure lb,c displays typical atomic 
force microscopy (AFM) images visualizing the different 
stages. 



Results and discussions 

The purpose of this study is to examine droplet etching 
processes at high temperature. Previously, the generation 
of nanoholes by LDE with Ga droplets has been demon- 
strated in the temperature regime between 570°C and 
620°C [13]. Figure 2a,b establishes that droplet etching 
with Ga on GaAs is possible also above the congruent 
evaporation temperature of 625°C [21,22]. The holes have 
an average depth of 68 nm at T = 650°C (Figure 2c) which 
is more than four times deeper compared with previous 
Ga-LDE results [13]. 

A summary of the temperature-dependent structural 
characteristics of the nanoholes is plotted in Figure 2d. 
The hole density N decreases with T in accordance with 
previous results on Ga- [13] or Al-LDE [23]. A particu- 
larly interesting observation is that the holes have very 
low densities (— 10 6 cm -2 ). This demonstrates that high 
T droplet etching can be used to generate low-density 
nanohole templates for the subsequent creation of well- 
separated nano-objects following deposition. The hole 
diameter increases with T, which is related to the increas- 
ing volume of the initial droplets V — 0/N at conditions 
with reduced density N. Also, the hole depth increases 
with T. This temperature-dependent trend of hole depth 
is in agreement with previous experimental results [13,23] 
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Figure 2 GaAs surfaces after Ga-LDE at temperatures above the GaAs congruent evaporation temperature. The Ga droplet material 
coverage is 2.0 ML and the annealing time f a = 1 20 s. (a) AFM images of LDE nanoholes for etching at T = 630°C (b) AFM images of LDE nanoholes 
for etching at T = 650°C (c) Linescans of a nanohole from (b). (d) Average hole density N, diameter and depth as function of the process 
temperature. The hole diameter is taken at the plane of the flat surface, and the hole depth is defined as the distance between the flat surface plane 
and the deepest point of the hole. 



and has been modelled by a simple scaling law with a 
temperature-dependent etching rate [23]. More elabo- 
rate models considering the nanohole morphology are 
discussed in [13,24]. 

We now consider the influence of the annealing time 
£ a on nanohole morphology at constant temperature 
T = 650°C. Figure 3a,b shows Ga droplets on a GaAs sur- 
face prepared with immediate quenching of the sample 
after droplet deposition (£ a = 0). The occurrence of Ga 
droplets at temperatures above the GaAs congruent evap- 
oration temperature has already been studied previously 
[25,26], but there the droplets were formed by Langmuir 
evaporation. In the present samples, the droplet density 
of 1.9 xlO 6 cm -2 is almost equal to the nanohole den- 
sity obtained at the same temperature (Figure 2d), which 
establishes that every initial droplet forms a nanohole. 
These droplets have an average height of 120 nm and 
average diameter of 470 nm (Figure 3c). This yields an 
average ratio between the droplet height and its radius of 
0.51 ± 0.03 corresponding to a contact angle of 54°. Pre- 
vious experiments [23] for Al-LDE on AlGaAs yielded a 



contact angle of 66°, which neither depends on tempera- 
ture nor on droplet material coverage. 

At £ a = 120 s, all initial Ga droplets have been trans- 
formed into nanoholes with walls (Figure 2). This process 
is called local droplet etching and has already been studied 
previously [1,6,13]. The time during which droplet etch- 
ing takes place is given by the time up to complete removal 
of the droplet material. Using a model of the LDE process 
described in [13], for Ga-LDE at T = 650°C, an etch- 
ing time of 12 s is predicted. After this time, the droplet 
material is removed and droplet etching stops. 

A central result of this work is obtained during long- 
time annealing at high temperature where the droplet 
etched holes are observed to widen. Figure 4 shows an 
example of a sample prepared at £ a = 1,800 s. Large 
holes are visible with an average diameter of the hole 
opening of 1,050 nm. The density of these large holes 
is 1.4xl0 6 cm -2 , which is almost equal to the density 
of droplet etched nanoholes obtained for £ a = 120 s 
at the same temperature (Figure 2d). This supports our 
assumption that the large holes are modifications of the 
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Figure 3 GaAs surface with as-grown droplets, (a) AFM micrograph of a GaAs surface with as-grown droplets after deposition of 2 ML Ga at 
T = 650°C without annealing, (b) Color-coded perspective view of a single Ga droplet, (c) Linescans of the droplet from (b).The average contact 
angle is 54°. 



nanoholes drilled by droplet etching. Beyond the widen- 
ing of the hole diameter, the long-time annealing also 
substantially modifies the shape of the holes. In detail, the 
side facet angle of the holes after droplet etching is in the 
range of 27° to 33°, whereas the average side facet angle of 
the large holes is about 5°. Furthermore, the bottom part of 
the inverted cone-like shaped LDE holes is rather peaked, 
whereas the large widened holes have a flat bottom plane 
of about 250 nm in diameter (Figure 4c). Finally, no walls 
are visible around the deep hole openings. 

Figure 5a shows a direct comparison of typical AFM 
linescans from an as-grown droplet, a nanohole after 
droplet etching and a thermally widened large hole. The 
data confirm that the outer diameter of the walls around 
the droplet etched nanholes is almost equal to that of 
the initial droplets. This relationship has already been 



observed previously but at lower process temperatures [6] . 

The dependence of the hole opening diameter on the 
annealing time is plotted in Figure 5b. We observe an 
increasing diameter up to £ a = 1,800 s followed by a satu- 
ration. The increasing hole opening diameter corresponds 
to a lateral etching rate of i? t h = 0.2 nm/s (Figure 5b). 
A saturation is also observed for the hole depth, which 
decreases up to £ a = 1,800 s and saturates for higher £ a 
(Figure 5b). 

The evolution of nanoholes during annealing depends 
on surface mass transport processes which include direct 
evaporation and surface diffusion. Although such pro- 
cesses will depend in detail on the binary nature of 
GaAs, the main features of hole evolution can be qual- 
itatively understood using standard models of surface 
evolution [27]. For simplicity, assuming isotropic surface 
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Figure 5 Comparison of linescans and dependence of hole 
opening diameter, side facet angles and hole depth on t a . (a) 

Comparison of AFM linescans from an as-grown droplet (f a = 0 s, 
blue line), a nanohole after droplet etching (r a = 1 20 s, black line) and 
a thermally widened large hole (r a = 1 ,800 s, red line). Dependence of 
(b) the diameter of the hole opening, (c) the side facet angles at the 
bottom (*b and top a t part of the holes and (d) of the hole depth on 
the annealing time t a . The dashed line in (b) corresponds to an 
estimated lateral etching rate of R t u = 0.2 nm/s. 



energy, the chemical potential of the surface can be 
written as 



\i = fi 0 + Qy (k x + Ky) 



(1) 



where y is the isotropic surface energy, Q is an atomic vol- 
ume, and k x and K y are the two principal curvatures at a 
given position of the surface in x and y planes, respectively. 



Each curvature is taken to be positive for convex and 
negative for concave surfaces, /zn is the reference chem- 
ical potential of the planar surface. In the case of direct 
evaporation into the vacuum, for small surface slopes, the 
removal of material from the surface will be proportional 
to the surface chemical potential in Equation 1. Figure 6a,b 
displays a schematic cross section of a nanohole formed 
by droplet etching, and Figure 6a schematically represents 
the magnitude of the expected evaporation rates based on 
the variation of k x . This clearly predicts a reduction in the 
hole side-wall angle and a decrease in hole depth because 
of the reduced evaporation rate of the hole bottom com- 
pared with the planar surface, leading to the morphology 
in Figure 6c. For the case of mass transport by surface 
diffusion, the flux along the surface is given by 



/ = -MV/x 



(2) 



where M is the surface mobility. Figure 6b schematically 
represents the flux driven by gradients in chemical poten- 
tial, and it can be seen that this also favours a decreasing 
hole side-wall angle and hole depth in agreement with the 
morphology in Figure 6c. Although anisotropic surface 
energy must also play an important role in the evolving 
morphology, this simple model of surface mass trans- 
port is qualitatively consistent with the general form of 
thermally widened holes, observed experimentally. 

We therefore propose that long-time annealing a hole 
of a given size prepared by LDE will produce a final mor- 
phology which is approximately independent of annealing 
temperature (within the range studied) as the diame- 
ter, depth and side facet angles associated with the hole 
saturate with time (Figure 5). Although this might be con- 
sistent with our simple model of surface evolution for 
shallow surface profiles, evidence of faceting in Figure 5a 
suggests that surface energy anisotropy may also play a 
role in suppressing the hole morphology time evolution. 

To study the influence of the process temperature on 
the widened holes, we have fabricated two additional 
samples both with £ a = 1,800 s. For the first sample, a 
temperature of 650°C was applied during droplet deposi- 
tion and 670°C during annealing. This sample has large 
holes with average diameter of 900 nm and average depth 
of 28 nm, which is in agreement with the samples fab- 
ricated at 650°C and £ a > 1,800 s shown in Figure 5b,c. 
This demonstrates that an elevated temperature during 
annealing alone does not modify the hole size. On the 
other hand, a sample fabricated at a temperature of 670°C 
during both droplet deposition and annealing shows sig- 
nificantly larger holes with average opening diameter of 
1,270 nm, average depth of 40 nm and flat bottom plane 
with 300-nm diameter. This finding indicates that the size 
of the droplet etched holes influences the size of the large 
holes after thermal treatment. For deposition and anneal- 
ing at T = 650°C, droplet etched holes have a depth of 
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Figure 6 Cross-sectional schematic of the proposed mass transport leading to thermally widened nanoholes shown in (c). In (a), the 

length of the arrows qualitatively represent the magnitude of material evaporation rates from various positions on the surface of a droplet etched 
nanohole. Similarly, in (b), the length of the arrows qualitatively represent the magnitude of diffusive flux across the surface. 



68 nm (Figure 2d). After 1,800-s long-time annealing, the 
depth is reduced to 35 nm, which is approximately half. 
For T = 670°C, droplet etched holes of about 80-nm depth 
are expected (Figure 2d). Here, the long-time annealing 
also approximately halves the depth. 



The combined droplet/thermal etching process can, in 
principle, be integrated with heteroepitaxy. To explore this 
further, we consider an extension of the method to incor- 
porate AlGaAs layers. As a first approach, hole formation 
in an AlGaAs layer with 35% Al content is investigated. 
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Figure 7 AlGaAs surfaces after droplet etching, annealing, and overgrowth, (a) AFM micrograph of an AlGaAs surface (35% Al content) after 
Ga droplet etching and 120-s annealing at T = 680°C (b) AFM micrograph of an AlGaAs surface after Ga droplet etching and 1,800-s annealing at 
T = 680°C (c) AFM micrograph of sample where large holes (see Figure 4) are overgrown with 20-nm AlGaAs (35% Al content), (d) Color-coded 
micrograph of a single hole from (c). (e) AFM linescans of the hole from (d). 
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For this, 2.0 ML Ga droplet material is deposited at 
T = 650°C followed by annealing at the same temperature. 
Figure 7a shows an AFM micrograph of a reference sample 
with droplet etched holes but without long-time annealing 
(£ a = 120 s). As a first point, we notice that the struc- 
tural properties of the droplet etched holes depend on 
the substrate material. Nanoholes droplet etched on GaAs 
have a density of about N = 2xl0 6 cm -2 and a depth of 
d = 68 nm (Figure 2d), whereas etching on AlGaAs under 
otherwise identical conditions yields N = 1.2xl0 7 cm -2 
and d = 20 nm. An AlGaAs sample with droplet etch- 
ing and long-time annealing (£ a = 1,800 s) is shown in 
Figure 7b. Obviously, no widening of the holes in AlGaAs 
is visible. The hole depth of d = 21 nm is unchanged by 
the long-time annealing within the measurement error, 
and only the shape of the wall around the hole opening 
has changed. We attribute this result to a higher thermal 
stability of AlGaAs in comparison to GaAs [28]. 

In a second approach, we have overgrown large widened 
holes with 20-nm AlGaAs (35% Al content). The large 
holes are prepared at T = 650°C and £ a = 1,800 s (see 
Figure 4a). After overgrowth, large holes are still visible 
(Figure 7c,d). AFM profiles (Figure 7e) show that the hole 
depth is reduced from 35 to 25 nm and that the overgrown 
holes are strongly elongated along the [110] direction. We 
have already demonstrated the fabrication of GaAs quan- 
tum dots with controlled size and shape by partial filling 
of symmetric LDE holes in AlGaAs [14,15]. Filling of holes 
shown in Figure 7c,d would suggest the possibility of cre- 
ating elongated quantum dots, where polarized emission 
is expected. 

Conclusions 

Long-time thermal annealing of nanoholes, formed ini- 
tially in GaAs surfaces by Ga local droplet etching, 
leads to a substantial but controlled shape modifica- 
tion. The inverted cone-like droplet etched nanoholes 
are transformed during long-time annealing into signif- 
icantly widened holes with flat bottoms and reduced 
depth. Therefore, the combined droplet/thermal etching 
process represents a fundamental extension of conven- 
tional droplet etching [1,6,13]. This is demonstrated, e.g. 
by strongly increased hole diameters of more than 1 urn 
using droplet/thermal etching in comparison to conven- 
tional droplet etching with diameters of 50 to 200 nm 
[23] . The hole shape evolution can be qualitatively under- 
stood by a simplified model of mass transport by surface 
diffusion and direct evaporation. The hole diameter can 
be controlled by varying the annealing time or anneal- 
ing temperature, offering a new means of manipulating 
hole morphology for possible applications as templates for 
nanostructure nucleation. Finally, in an initial approach, 
the integration of the combined droplet/thermal etching 
process with heteroepitaxy has been demonstrated. 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

CH conceived the study, fabricated some of the samples, performed AFM 
measurements and analysis, and prepared the manuscript draft. SS fabricated 
some of the samples and performed AFM measurements. DEJ developed a 
model to describe the experimental results and helped to draft the 
manuscript. WH participated in the study coordination and discussion of the 
results. All authors read and approved the final manuscript. 

Acknowledgements 

The authors thank Stefano Sanguinetti for very helpfull discussions and the 
Deutsche Forschungsgemeinschaft for financial support via HA 2042/6-1 and 
GrK 1 286. DEJ acknowledges support from a Marie Curie International 
Incoming Fellowship. 

Author details 

1 Institut fur Angewandte Physik und Zentrum fur Mikrostrukturforschung, 
JungiusstraBe 1 1, Hamburg 20355, Germany. 2 School of Physics and 
Astronomy, Cardiff University, Cardiff CF24 3 A A, UK. 

Received: 24 April 2014 Accepted: 27 May 2014 
Published: 9 June 2014 

References 

1 . Wang Zh M, Liang BL, Sablon KA, Salamo GJ: Nanoholes fabricated by 
self-assembled gallium nanodrill on GaAs (1 00). Appl Phys Lett 2007, 

90:113120. 

2. Strom NW, Wang ZM, Lee JH, AbuWaar ZY, Mazur Yl, Salamo GJ: 
Self-assembled InAs quantum dot formation on GaAs ring-like 
nanostructure templates. Nanoscale Res Lett 2007, 2:1 1 2. 

3. Lee JH, Wang ZM, Ware ME, Wijesundara KC, Garrido M, Stinaff EA, 
Salamo GJ: Super low density InGaAs semiconductor ring-shaped 
nanostructures. Crystal Growth Design 2008, 8:1 945. 

4. Lee JH, Wang ZM, Kim ES, Kim NY, Park SH, Salamo G J: Various 
quantum- and nano-structures by lll-V droplet epitaxy on GaAs 
substrates. Nanoscale Res Lett 201 0, 5:308. 

5. Alonso-Gonzalez P, Martin-Sanchez J, Gonzalez Y, Alen B, Fuster D, 
Gonzalez L: Formation of lateral low density ln(Ga)As quantum dot 
pairs in GaAs nanoholes. Crystal Growth Design 2009, 9:2525. 

6. Heyn C h, Stemmann A, Hansen W: Dynamics of self-assembled 
droplet etching. Appl Phys Lett 2009, 95:1 73 1 1 0. 

7. Chikyow T, Koguchi N: MBE growth method for pyramid-shaped GaAs 
micro crystals on ZnSe (001) surface using Ga droplets. Jpn J Appl 
Phys 1 990, 29:L2093. 

8. ManoT, Watanabe K,Tsukamoto S, Koguchi N, Fujioka H, Oshima M, 
Lee CD, Leem JY, Lee HJ, Noh SK: Nanoscale InGaAs concave disks 
fabricated by heterogeneous droplet epitaxy. Appl Phys Lett 2000, 
76:3543. 

9. Kim JS, Koguchi N: Near room temperature droplet epitaxy for 
fabrication of InAs quantum dots. Appl Phys Lett 2004, 85:5893. 

1 0. Heyn C h, Stemmann A, Schramm A, Welsch H, Hansen W, Nemcsics A: 
Regimes of GaAs quantum dot self-assembly by droplet epitaxy. 

Phys Rev 5 2007, 76:075317. 

1 1 . Abbarchi M, Mastrandrea CA, Kuroda T, Mano T, Sakoda K, Koguchi N, 
Sanguinetti S, Vinattieri A, Gurioli M: Exciton fine structure in 
strain-free GaAs/Alo. 3 Gao.7As quantum dots: extrinsic effects. Phys 
Rev B 2008, 78:125321. 

1 2. Stock E, Warming T, Ostapenko I, Rodt S, Schliwa A, Tofflinger JA, 
Lochmann A, Toropov Al, Moshchenko SA, Dmitriev DV, Haisler VA, 
Bimberg D: Single-photon emission from InGaAs quantum dots 
grown on (1 1 1 ) GaAs. Appl Phys Lett 201 0, 96:093 1 1 2. 

13. Heyn Ch: Kinetic model of local droplet etching. Phys Rev B 201 1 , 
83:165302. 

14. Heyn Ch, Stemmann A, Koppen T, Strelow Ch, KippT, Mendach S, 
Hansen W: Highly uniform and strain-free GaAs quantum dots 
fabricated by filling of self-assembled nanoholes. Appl Phys Lett 2009, 

94:183113. 



Heyn et a I. Nanoscale Research Letters 201 4, 9:285 
http://www.nanoscalereslett.eom/content/9/1/285 



Page 8 of 8 



1 5. Heyn Ch, Strelow C, Hansen W: Excitonic lifetimes in single GaAs 
quantum dots fabricated by local droplet etching. NewJPhys 201 2, 

14:053004. 

16. Huo YH, Rastelli A, Schmidt OG: Ultra-small excitonic fine structure 
splitting in highly symmetric quantum dots on GaAs (001) 
substrate. Appl Phys Lett 201 3, 1 02:1 521 05. 

1 7. Heyn Ch, Schmidt M, Schwaiger S, Stemmann A, Mendach S, Hansen W: 
Air-gap heterostructures. Appl Phys Lett 201 1 , 98:033 1 05. 

1 8. Bartsch Th, Schmidt M, Heyn Ch, Hansen W: Thermal conductance of 
ballistic point contacts. Phys Rev Lett 201 2, 1 08:075901 . 

1 9. Bartsch Th, Heyn Ch, Hansen W: Electric properties of semiconductor 
nanopillars. J Electron Mater 201 4, 43:1 972. 

20. Volmer M, Weber A: Keimbildung in Ubersattigten Gebilden. ZPhys 
Chem 1926,119:277. 

2 1 . Tsao JY: Material Fundamentals of Molecular Beam Epitaxy. San Diego: 
Academic Press; 1993. 

22. Zhou ZY, Zheng CX, Tang WX, Jesson DE,Tersoff J: Congruent 
evaporation temperature of GaAs(001 ) controlled by As flux. Appl 
PhysLett20]0, 97:121912. 

23. Heyn C h, Schnull S, Hansen W: Scaling of the structural characteristics 
of nanoholes created by local droplet etching. J Appl Phys 201 4, 
115:024309. 

24. Li X, Wu J, Wang ZM, Liang B, Lee J, Kim E-S, Salamo GJ: Origin of 
nanohole formation by etching based on droplet epitaxy. Nanoscale 

2014, 6:2675. 

25. Tersoff J, Jesson DE, Tang WX: Running droplets of gallium from 
evaporation of gallium arsenide. Science 2009, 324:236. 

26. Zhou ZY, Tang WX, Jesson DE, Tersoff J: Time evolution of the Ga 
droplet size distribution during Langmuir evaporation of 
GaAs(001 ). Appl Phys Lett 201 0, 97:1 91 91 4. 

27. Mullins WW: Theory of thermal grooving. J Appl Phys 1957,28:333. 

28. Mahalingam K, Dorsey DL, Evans KR, Venkatasubramanian R: A Monte 
Carlo study of gallium desorption kinetics during MBE of 
(100)-GaAs/AIGaAs heterostructures. J Crystal Growth 1997, 175:21 1. 

C \ 
doi:1 0.1 1 86/1 556-276X-9-285 

Cite this article as: Heyn et a I.: Thermally controlled widening of droplet 
etched nanoholes. Nanoscale Research Letters 201 4 9:285. 



Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



v. 



J 



